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Abstract
Two trials were conducted in mud-bottomed concrete tanks to assess the potential of using arti®cial substrates to enhance ®sh production in ponds. Three substrate types were tested: bamboo poles, PVC pipes and sugarcane bagasse bundles. In one trial, periphyton was grown on the substrates in the absence of ®sh. In the second trial, masheer (Tor khudree Sykes) ®ngerlings were stocked at three densities. Results showed a signi®cant effect of substrate type on ®sh growth (P`0.001) and on net ®sh production (P`0.05), with best growth in the tanks using the bamboo substrate. In the bagasse treatment, 100% ®sh mortality occurred. Highest extrapolated periphyton-based gross ®sh yield (i.e. without feed inputs) was 450 kg ha ±1 90 d ±1 with PVC and 491 kg ha ®sh density or water depth on periphyton biomass could be seen. Only on bamboo, ®sh density seemed to have a negative effect on periphyton ash-free dry matter and a positive effect on pigment content (chlorophyll-a and phaeophytin). Periphyton from bamboo had a lower ash content (38±47% of DM)
Introduction
Extensive ®sh culture in freshwater ponds is an ageold tradition in Asia. No feed is applied in extensive systems, and ®sh production is entirely based on natural productivity of the pond ecosystem. The primary energy and nutrient source is phytoplankton, production of which is stimulated by fertilization. Although several tilapia (Oreochromis spp.) species can feed directly on suspended algae, the quantity of the algae ingested in this way is probably insuf®cient to meet their energy demands in full (Dempster, Baird & Beveridge 1995) . These species require other, more ef®ciently harvestable food sources, such as benthic algae, algal detritus or plant fodder (Dempster, Beveridge & Baird 1993; Yakupitiyage 1993) to meet their energy requirements. Moreover, many pond aquaculture species rely on benthic or planktonic invertebrates and/or detritus-associated microorganisms as their primary food source (Beveridge & Baird, 2000) . Because ®sh cannot depend completely on suspended phytoplankton to meet their nutrient requirements, higher trophic levels are involved in the energy transfer. Given an energy transfer ef®ciency of 10% per trophic level (Pauly & Christensen 1995) , the maximum ®sh yield may be no more than 1% of the energy ®xed by phytoplankton. Fish yield from extensive ponds could therefore be up to 10 times higher if species could be cultured on exclusively herbivorous diets. Such systems have hardly been developed because most herbivorous ®sh species specialize in feeding on larger benthic, epilithic or periphytic algae rather than on phytoplankton (Prejs 1984; Horn 1989 ). Most such algae require hard substrates for attachment, which are usually absent in ®sh ponds. Besides, in response to the high nutrient levels that are maintained by fertilization and ®sh excretion, high-density phytoplankton blooms usually develop, which limit light penetration to the pond bottom thus preventing the development of benthic algal mats that can grow on soft substrates.
A notable exception is the traditional milk®sh culture systems of Indonesia and the Philippines, which are based on the exploitation of periphytic lab-lab' as food.`Lab-lab' has also been tested as a food source in shrimp (Penaeus monodon Fabricius) culture (Bombeo-Tuburan, Guanzon & Schroeder 1993) . More recently, a number of novel periphyton-based aquaculture systems have emerged that were inspired by traditional ®shing techniques, such as the`Acadjas' of West Africa (Welcomme 1972) and the`Katha' ®sheries of Bangladesh and India (Wahab & Kibria 1994) . The basic idea of these systems is that arti®cial surfaces are provided for the development of periphytic communities that serve as a food source to the ®sh (Hem & Avit 1994 , Konan-Brou & Guiral 1994 .
The aim of the present investigation was a preliminary assessment of the feasibility of providing arti®cial substrate for periphyton growth in Indian freshwater ponds. The two main objectives were: (1) to determine the ®sh production potential of a periphyton-based system with Tor khudree (Sykes); and (2) to assess the effects of time, substrate type, ®sh density and water depth on periphyton productivity and composition. Two trials were performed. One trial concentrated on biomass development on the substrates and on ash content, as a ®rst indication of nutritional quality. The choice of the three substrates tested, bamboo, PVC and sugarcane bagasse, was based on local availability and ease of use. To assess the potential of periphyton grown on these substrates for supporting ®sh production, another trial was carried out with the herbivorous mahseer (T. khudree), a species that is expected to utilize periphyton. The mahseer ®shery used to be important, but mahseer is now an endangered species in India (Ogale 1994) . Based on the results, issues that should be addressed in developing periphyton-based ®sh culture systems are discussed.
Materials and methods

Experimental set-up
The two trials were conducted at the College of Fisheries, Mangalore, India. Trial 1 was conducted between 11 May and 22 June 1998 and Trial 2 between 16 December 1998 and 11 March 1999. Concrete tanks (5 Q 5 Q 1 m 3 ) with a 15-cm sandy loam soil layer on the bottom were used. The tanks were dried and quick lime was applied at a rate of 300 kg ha ±1 . Bamboo culms and PVC pipes (7.5 cm diameter) were purchased from the local market and cut into 1.5-m poles. Sugarcane bagasse was collected from sugarcane juice centres and bundles of approximately 7.5 cm diameter and 1 m length were made using nylon rope. Bamboo poles and PVC pipes were placed in the tanks at a distance of 35 cm (centre to centre). The bagasse bundles were hung at the same distance in the water from a bamboo frame above the tank. A free border zone of 20 cm was maintained between the poles or bundles and pond wall or nylon net (see below), so that a total of 196 poles or bundles were used per tank. The tanks were fertilized initially with dry poultry manure at 2000 kg ha ±1 , followed by re-fertilization at 200 kg ha ±1 every fortnight. Water was pumped into the tanks from a nearby open well and the level in the tanks was maintained at 80 T 2 cm throughout the experimental period, evaporation loss being compensated weekly. In Trial 1, three tanks were used. One substrate type was allocated to each tank and no ®sh were stocked. In Trial 2, nine tanks were used. Each substrate type was assigned randomly to three tanks. Each tank was partitioned into four equal compartments using nylon net (1 Q 1 mm mesh).
Periphyton
In Trial 1, periphyton biomass, ash, chlorophyll-a and phaeophytin content (APHA 1992) were determined weekly for 42 days, starting on day 7, from samples collected according to the following procedure. From each tank, nine poles were randomly removed. Then, from each of these, periphyton was collected by scraping 2 Q 2 cm patches with a razor blade, starting at the water surface and moving downwards at 16-cm intervals. After sampling, the poles were returned and marked to avoid any further sampling. All periphyton collected from one tank was pooled.
In Trial 2, samples were taken fortnightly for 90 days, starting on day 15, in three ponds (one pond per substrate). From each compartment, three poles were removed and from each pole, the periphyton was collected by scraping a 20-cm section of substrate at depths 0, 20, 40 and 60 cm with a razor blade. For each depth, the periphyton from the three poles was pooled. Because of the large number of samples, only one replicate of the experiment (three tanks, one per substrate type) was subjected to periphyton sampling.
Chlorophyll pigments were extracted from a 100-mg fresh subsample stored in 90% acetone and the concentration determined according to standard methods (Stirling 1985) . From the remaining periphyton, dry matter (DM) was determined by drying the samples at 100°C to a constant weight, upon which ash content was determined using a muf¯e furnace (4 h at 550°C).
Fish
In each tank of Trial 2, mahseer, T. khudree, ®ngerlings with an average individual weight of 3.10 T 0.57 (SE) g were stocked at densities of 0, 6, 9 and 12 per compartment on day 0. The densities were assigned randomly to the compartments. All ®sh were counted and weighed at harvest on day 90 and the following parameters were calculated for each compartment: where W stock and W harv are the mean individual ®sh weight (in g) and N stock and N harv the number of ®sh at stocking and harvest respectively. All ®sh production parameters were checked for normality (Shapiro±Wilk test, a = 0.05) and analysed as a two-factor analysis of variance in a split-plot design, with substrate type as the mainplot factor and ®sh density as the subplot factor (Gomez & Gomez 1984 ) using the SAS 6.12 program (SAS Institute Inc., Cary, NC, USA).
Water quality monitoring
All water samples and water quality measurements were taken between 09.00 and 10.00 hours. In each tank, temperature, dissolved oxygen at the surface and the bottom, pH and water transparency (Secchi disc depth) were estimated daily, starting on day 1. Total alkalinity, ammonium, nitrate and phosphate contents of water were analysed weekly, starting on day 7. Temperature and pH were measured with a Horiba water quality analyser. Total alkalinity, ammonium, nitrate and phosphate were analysed chemically according to standard procedures (APHA 1992). As the nylon nets separating the ®sh compartments in Trial 2 provided a free¯ow of water between ®sh densities, an evaluation of the effect of ®sh density on water quality was not possible.
Results
Fish survival, growth and production
On harvesting the ®sh, mortality in the bagasse treatment was found to be 100%. Table 1 gives the ®sh growth, survival and production results in tanks with the bamboo and PVC substrates. None of the parameters deviated signi®cantly from the normal distribution. The ANOVA (Table 2) showed a signi®cant effect of substrate type on ®sh growth (P`0.001) and on net ®sh production (P`0.05), with bamboo giving better results than PVC. There was no effect of ®sh density on SGR (Table 2 and Fig. 1A ). Fish density did have a signi®cant effect on ®sh survival and on net production (Table 2) . Both ®sh survival and total production increased with increasing density (Fig. 1B and C with the bamboo substrate (Table 1) .
Periphyton biomass and composition
Figure 2 summarizes variation in periphyton biomass (ash-free dry matter and total pigment content) over time, with the effects of substrate type, water depth and ®sh density. In both trials, a rapid build-up of periphyton was seen in the ®rst 1±2 weeks of the experiments. In Trial 1, there was some variation in time, but no clear trend except in the last week when ash-free dry matter decreased on all substrates ( Fig. 2A) . In Trial 2, drymatter content was high initially on the bamboo substrate, but later decreased to reach levels in the range of the other substrates (Fig. 2B) . Water depth did not have a strong effect on dry matter. On day 30, there was a somewhat higher amount of pigment at 40±60 cm depth compared with the other depths, but generally total pigment was not very different among the depths (Fig. 2C) . Fish density also did not have a clear effect on periphyton biomass, either as dry matter or as pigment (Fig. 2D) . Table 3 shows the mean periphyton biomass in time in terms of dry matter and ash-free dry matter (mg cm ±2 ) and total pigment content (chlorophyll-a + phaeophytin, mg cm ±2 ). With ®sh in Trial 2, biomass as ash-free dry matter on bamboo and bagasse was slightly lower Figures are means and coef®cients of variation (CV) of three replicate tanks. than without ®sh in the same trial. In terms of total pigment content, however, biomass was much higher in the ®sh + bamboo (13.99±25.69 mg cm ±2 )
and ®sh + PVC (1.21±1.85 mg cm ±2 ) treatments than the treatments without ®sh on the same substrate. On bagasse, pigment content was generally lower with ®sh (1.89±3.62 mg cm ±2 ) than without ®sh (Table 3) . In both trials, the ash content of the periphyton was lowest on the bamboo poles (Trial 1: 37%, Trial 2: 38±47% of DM), intermediate on PVC pipes (Trial 1: 45%, Trial 2: 54±55% of DM) and highest on bagasse (Trial 1: 54%, Trial 2: 51±58% of DM). The ratio of ash-free dry matter to total pigment was lower in the treatments with ®sh compared with unstocked compartments in Trial 2, on bamboo and PVC (Table 3) . However, the coef®cients of variation in this parameter were very high. Table 4 summarizes the water quality parameters for the two trials. The main difference between Trial 1 and Trial 2 was the water temperature, with a much lower mean temperature in Trial 2 (conducted in the cool season, mean surface temperature about 26.5°C) than in Trial 1 (31.6°C; see Table 4 ). Dissolved oxygen concentrations were highest in the PVC tanks in both trials, somewhat lower in the bamboo tanks, but extremely low in the bagasse treatment with zero values during part of the trials. Inorganic nitrogen (NO 3 , NH 4 ) concentrations in the water were lower during Trial 2 than in Trial 1 in all substrate types, mainly because of the higher levels recorded during ®rst half of Trial 1 (see Table 4 ).
Water quality
Discussion
Fish growth and production
All ®sh in the bagasse treatment died, irrespective of stocking density, as a result of the low oxygen concentrations in that treatment. Mahseer is a riverine ®sh and hence may be sensitive to low dissolved oxygen levels. No ®sh sampling was done during the experiment, because of the presence of the substrates. Therefore, it is not clear whether a sudden mass mortality occurred or if the ®sh died gradually in the bagasse treatment. Although no mortality was observed directly after stocking it can be assumed that the ®sh died from oxygen depletion early in the experiment. In the PVC and bamboo treatments, dissolved oxygen levels were suf®ciently high to ensure good ®sh growth (Table 4 ). The PVC tanks had higher DO levels than the bamboo treatment and a slightly higher Secchi visibility. The bamboo tanks, being generally more productive, may have shown higher diurnal DO variations during the day, with lower values in the early morning and higher values in the afternoon than the PVC ponds. The higher production obtained with higher stocking densities (Fig. 1) is due to the higher ®sh survival, which is dif®cult to explain as normally higher densities lead to lower survival rates.
Periphyton growth and composition
For a strong periphyton crop to develop a suitable substrate is needed. Substrate type had a clear effect on periphyton biomass (Fig. 2) . In both trials, bamboo resulted in higher periphyton biomass than Figure 2 Effects of substrate type (Trial 1 and 2), depth (Trial 2) and ®sh density (Trial 2) on periphyton ash-free dry matter and total pigment (chlorophyll-a and phaeophytin) content. Data are from three tanks, each with one substrate type and in Trial 2 subdivided into four compartments with nylon mesh to accommodate four ®sh densities. In Trial 2, all periphyton samples were taken from four depths.
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# 2001 Blackwell Science Ltd, Aquaculture Research, 32, 189±197 Figures are means of six sampling dates and, for Trial 2, also of four depths (for explanation see text). CV, coef®cient of variation. Many studies have shown the stimulatory effect of nutrients on periphyton development (Smoot, Langworthy , Levy & Findlay 1998) . Alkalinity and phosphate levels were similar in both trials, but the concentrations of ammonia and nitrate were much lower (< 10 mg L ±1 ) in the second trial, especially during the initial part of the experiment. Fish may enhance the cycling of nutrients in the system by converting periphyton into ®sh biomass and excreting inorganic nutrients. The excreted nutrients can be re-utilized by the periphyton. The ®sh biomass represents a considerable amount of nitrogen that in the treatments without ®sh would have remained in the system in another form. The low nutrient concentrations and the high transparency of the water (precluding light as a limiting factor in this experiment), indicate that the nutrients were used mostly by the periphyton and in turn converted into ®sh tissue. The data do not provide a clear picture with regard to the effect of ®sh density on periphyton development. Chlorophyll-a values in the bamboo treatment were higher with ®sh (generally 15±20 mg cm ±2 ) than without ®sh (10±15 mg cm ±2 ), but in the PVC and bagasse treatments they were lower with (1±3 mg cm ±2 )
than without ®sh (around 5 mg cm ±2 ) (Table 3) . In experiments with other grazers such as snails and insect larvae (Jacoby 1987; Swamikannu & Hoagland 1989) , grazing resulted in lower periphyton biomass but increased productivity. When grazed, the periphyton is continuously kept in an exponential growth phase and never reaches the stage where biomass stabilizes and self-shading and ageing occur. This mechanism is not re¯ected by the experimental results with regard to ®sh density (Fig. 2D) , possibly because of the relatively small size of the ®sh. The ash content of the periphyton was highly variable, reaching values as high as 56±67% of the dry-matter content. In the bagasse treatment, this may have been partly due to the dif®culty of scraping periphyton from the substrate and the mixing of some bagasse material with the periphyton. In aquaculture, the ash contents of formulated diets are recommended to be below 12% (De Silva & Anderson 1995) . However, this is not because ash per se is harmful, but because it replaces nutritive components in formulated feeds. In fact, specialized periphyton grazers such as parrot®shes (family: Scaridae) ingest huge amounts of calcium carbonate, which they excavate together with epiand endolithic algae from the dead coral rocks (Bruggemann, van Kessel, van Rooij & Breeman 1996) . The resulting high ash fraction (up to 80% of DM) is actually necessary to grind the algae with the pharyngeal jaws (Horn 1989) . Likewise, the high ash content of some plant fodders has been found not to impair the growth of tilapia (Yakupitiyage 1993) . Most probably, the ash in our periphyton samples was to a large extent (at least in the samples with a high ash fraction) derived from suspended particles entrapped in the periphytic community.
Viability of periphyton-based aquaculture systems
The present study showed that bamboo is a superior substrate for periphyton production. More research is needed to establish the optimum bamboo substrate density and to select species capable of exploiting the resource. Bamboo can be considered highly suitable as (1) periphyton grew better on bamboo than on the other substrates; (2) growth and production of mahseer were higher with bamboo; and (3) bamboo can be used for many culture cycles. PVC pipes are relatively expensive and produce less periphyton than bamboo. It is not clear how the economics of a system with bamboo or PVC will work out, but the investment in substrate material may be prohibitive for the resource-poor farmers, the target user community of the present research. Sugarcane bagasse is much cheaper, but presents, at least in the densities tested here, serious water quality problems. Follow-up experiments are needed to con®rm the results of these preliminary trials. A number of inexpensive locally available materials are currently being evaluated.
